Trench-type narrow InGaAs quantum wires ͑QWRs͒ with a cross-sectional depth of 8 nm and a width of 25 nm have been successfully fabricated by hydrogen-assisted molecular beam epitaxy. Optical properties of the QWRs are improved by atomic-hydrogen irradiation as observed by photoluminescence measurement. The trench-type QWR-FET has a pronounced negative differential conductance with a low onset voltage and a high peak-to-valley current ratio. We also study the quantum-interference characteristics of the trench-type QWR-FET, and find very different behavior to that typically exhibited by disordered wires. This Aharonov-Bohm effect points to an interference process in which the one-dimensional subbands of the wire themselves constitute well-resolved paths for electron interference.
I. INTRODUCTION
With their strongly peaked density of states, semiconductor quantum wires ͑QWRs͒ offer the potential of realizing novel electronic and optical applications. A reduction in the dimensionality of two-dimensional electron systems may be realized subsequent to epitaxial growth by a variety of processes, which include chemical etching, 1 electrostatic definition by means of split gates, 2 and ion-beam implantation. 3 While wires with widths of 100 nm can easily be achieved using any of these methods, the wide structures often exhibit reduced interface quality and uniformity. Selective growth on nonplanar substrates, on the other hand, has recently become accepted as a promising means for the fabrication of narrow QWRs. 4 -10 Wires with a number of different geometries may be realized by metalorganic chemical vapor deposition, or, alternatively, by molecular-beam epitaxy. In this latter approach, a combination of atomic hydrogen and a dimer arsenic source is used to control the surface diffusion of group-III elements, and we have previously applied this technique to the fabrication of V-grooved and ridge-type InGaAs/ InAlAs quantum wire field-effect transistors ͑QWR-FETs͒ on ͑100͒ InP substrates. 8, 9 In this technique, however, it is difficult to fabricate InGaAs QWRs with widths less than 100 nm, because the InAlAs ridge-and V-grooved barrier layer have large angle (130°) ͑311͒A sidewalls. To overcome this difficulty, we have recently demonstrated trench-type, narrow InGaAs/InAlAs QWR structures with the dimensions of 10ϫ20 nm on a ͑311͒A InP nonplanar substrate. 10 By the selective growth on the ͑311͒A substrate, we can obtain the narrow InAlAs trench angle of 22°consisted of ͑111͒A and ͑331͒B facets, and the InGaAs QWRs with the width of 20 nm are grown in the trench structure.
In this article, we demonstrate the improved optical characteristics of the trench-type InGaAs QWRs grown with atomic hydrogen irradiation, and show that these QWRs exhibit narrow photoluminescence ͑PL͒ peaks. QWR-FETs formed from trench-type InGaAs QWRs show a pronounced negative differential conductance ͑NDC͒, with low onset voltage (V NDC ) and high peak-to-valley current ratio ͑PVR͒. We also study the quantum-interference characteristics of the trench-type QWR-FET using magnetoresistance measurements, and find very different behavior to that typically exhibited by disordered wires.
II. TRENCH-TYPE QWR FABRICATION BY HYDROGEN-ASSISTED MBE
V grooves were prepared on a ͑311͒A InP substrate by photolithography and wet etching ͑HCl:H 3 PO 4 :H 2 O 2 , 50:10:1 by volume͒. The grooves were formed along the ͓011 ͔ direction with sidewalls formed by ͑100͒ and ͑011͒ a͒ Electronic mail: t.sugaya@aist.go.jp planes. The substrate was loaded into a MBE chamber and cleaned with atomic hydrogen at 430°C for 3 min, after which a 400 nm In 0.52 Al 0.48 As barrier layer was then grown with an As 2 source. The resulting trench formed on this layer consisted of ͑111͒A and ͑331͒B facets, formed by the oblique slopes of the two trapezoids, grown selectively on the ͑100͒ and ͑011͒ sidewalls of the original substrate. 10 The trenchangle between these new facets was ϳ22°. Such a narrow facet angle has not been reported previously in MBE growth. A 10 nm In 0.53 Ga 0.47 As QWR layer was grown in the InAlAs trench under an As 4 source, after which a 200 nm In 0.52 Al 0.48 As second barrier layer was grown. The trenchtype QWR is the dark region in the transmission electron micrograph image, in the inset to Fig. 1 . The resulting QWR has a cross-sectional depth of 8 nm and a width of 25 nm. The QWR structures were grown both with, and without, atomic hydrogen, in order to compare their optical properties. The flux intensities of As 2 and As 4 were 8.3ϫ10
Ϫ4 and 1.3ϫ10
Ϫ3 Pa, respectively, as measured using an ionization gauge at the substrate position. The growth rates of In 0.53 Ga 0.47 As and In 0.52 Al 0.48 As were 0.91 and 0.92 m/h, respectively. PL measurements were performed for the QWR structures grown at various temperatures. Figure 1 shows a PL spectrum of the trench-type QWR grown at 520°C with atomic hydrogen. The PL measurement was performed at 14 K using an Ar ϩ laser ( ϭ514.5 nm) and a Ge photodetector. About 50 QWRs were excited in this experiment. The PL peaks near 1570 and 800 nm correspond to the In 0.53 Ga 0.47 As and In 0.52 Al 0.48 As bulk transitions, respectively. The peaks at 1300 and 1490 nm originate from the InGaAs QWRs and ͑311͒A ridge quantum wells ͑QWLs͒, respectively, which was confirmed by cathode-luminescence measurement. Because the only 50
QWRs are excited in the measurement and the diameter of the excited InGaAs bulk area is 200 m, the PL intensity of the QWRs is lower than that of the InGaAs bulk. The full width at half maximum ͑FWHM͒ of the QWR peak is 27.2 meV. FWHMs of the QWR peaks for various growth conditions are plotted in Fig. 2 . Circles and squares are FWHMs of the QWR peaks grown with, and without, atomic hydrogen, respectively. The QWRs with narrower PL peaks are grown at lower temperature using atomic hydrogen irradiation. This is due to the improvement of surface morphology and the enhanced surface migration of group-III atoms in the presence of atomic hydrogen. 8 We see from these results that InGaAs QWRs with improved optical properties can be grown by the hydrogen-assisted MBE. The increase of FWHM at 560°C in the QWR peaks grown with atomic hydrogen is due to the reevaporation of hydrogenated As atoms.
III. TRENCH-TYPE QWR-FET WITH NDC AND ITS QUANTUM INTERFERENCE CHARACTERISTICS
The trench-type QWR layer, grown using atomic hydrogen, was used as the channel of a FET. To fabricate the QWR-FET, a 10 nm spacer of undoped InAlAs was grown on top of the InGaAs QWR. This was followed by a Si ␦-doped layer. ͑The detailed layer structure is shown in the inset to Fig. 3 , in which the additional ␦-doped layers facilitate the formation of nonalloyed ohmic contacts to the QWR.͒ After etching away the sidewalls to leave just a single wire, the etched surface was passivated by depositing a 100 nm SiO 2 film, into which windows were opened and Ti/Au evaporated to form nonalloyed source and drain contacts with a lateral separation of 4 m. As a final processing step, a Pt/Ti/Au Schottky gate of length 2 m was deposited between the source and drain, using recess etching and liftoff.
The I d -V ds characteristics of the QWR-FET at 40 K are shown in Fig. 3 . The NDC spectra are clearly observed in the range of V ds ϭ0.19-V ds ϭ0.12V with increasing V g . 11 Such a low V NDC has not been observed in the NDC devices pre- viously reported. The measured maximum PVR for the QWR-FET was observed to be as high as 4.3 at V g ϭϪ0.1 V. The QWR-FET, with its low V NDC and high PVR, promises various applications for high-speed and low-power consumption devices. As for the mechanism of the NDC characteristics, there are two possible origins. One is a realspace transfer from the InGaAs QWR channel to the InAlAs barrier layer, 12 since the onset voltage is too low to be explained by momentum-space transfer. Another mechanism is an intersubband transfer of the carriers from the lowest onedimensional subband to the next one. The NDC characteristics might occur if the mobility in the second subband is much smaller than that in the first subband. The energy separation of electrons between the first and second subband level is estimated to be as large as 90 meV, 10 which is close to the V NDC in the trench-type QWR-FET. The mechanism of the NDC phenomenon is not clear at present and further studies are required.
In order to study the magnetoresistance of the QWR-FET, a trench-type wire was mounted on a standard chip holder, and cooled in the dark in thermal contact with the mixing chamber of a dilution refrigerator. Its magnetoresistance was measured at temperatures in the range of 0.01-10 K, using small constant currents and audio-frequency lock-in detection to avoid unwanted electron heating. Figure 4 shows the magnetoresistance of the QWR-FET with the gate grounded. The magnetoresistance exhibits highly reproducible fluctuations, whose amplitude is strongly damped with increasing magnetic field. This behavior was found to be a quite generic feature of experiment, and persisted even after the sample was exposed to illumination from a red light-emitting diode, or was thermally cycled between base temperature and 300 K. Fluctuations such as these are well known from studies of disordered quantum wires and result from an electroninterference effect. 13 In disordered wires, this interference involves electron partial waves that undergo multiple scattering from disorder in the wire, 14 but in the quantum wire here the fluctuations exhibit very different characteristics to those found in disordered wires. Although not apparent on the scale shown here, their fluctuations are more regular in nature, in the sense that they appear to be dominated by a small number of frequency components. In the lower inset to Fig.  4 , we plot the variation of the root-mean-square amplitude of fluctuation as a function of magnetic field. With the data plotted on semilog axes, it is clear that the fluctuation amplitude decreases exponentially ͑solid line͒ with increasing magnetic field. In a recent report we have discussed how these characteristics appear to be consistent with the strongly one-dimensional nature of transport in the trench-type wire. 15 Prior to the complete quenching of the fluctuations, in the region of 3-4 T, it can be seen in Fig. 4 that the fluctuations can exhibit a highly regular nature, reminiscent of the Aharonov-Bohm effect. This behavior is, again, very different to that observed in disordered QWRs, and is found to be robust to thermal cycling. An expanded view of these oscillations is shown in the inset to Fig. 4 , from which an average period of ϳ40 mT may be deduced. Applying the usual Aharonov-Bohm condition it is remarkable to note that this period implies an enclosed area of 4 mϫ25 nm, in excellent agreement with the physical dimensions of the wire. In this regime, we therefore suggest that the oscillations in the magnetoresistance result from interference involving just a few, well-resolved, subbands, in which electron transport takes place with little scattering. Once again, this observation appears to point to the excellent one-dimensional transport characteristics of this clean wire.
IV. CONCLUSIONS
In summary, we successfully fabricated InGaAs trenchtype QWRs by hydrogen-assisted MBE. The QWRs grown with atomic hydrogen have narrower PL peaks than those grown without atomic hydrogen. The trench-type QWR-FET has clear NDC characteristics with a low V NDC (ϭ0.12 V) and a high PVR (ϭ4.3). The magnetoresistance of the QWR-FET shows very different behavior to that typically exhibited by disordered wires. An Aharonov-Bohm effect points to an interference process in which the onedimensional subbands of the wire themselves constitute wellresolved paths for electron interference.
